Nano-crystalline barium strontium titanate, Ba 0.5 Sr 0.5 TiO 3 , (BST) powders were synthesized by sol-gel method, and the effects of Bi-doped on the microstructure and dielectric properties of BST powders were investigated. At first, the stable BST sols with optimum molar ratio were prepared and then different precents of bismuth were doped in precursor solutions.
Introduction
As a ferroelectric material, barium strontium titanate has considerably attracted interest of researchers and engineers due to high dielectric permittivity, low optical losses, ferroelectric activity and composition dependent Curie temperature [1] . Because of its perovskite structure, BST has been used as a high voltage capacitor, tunable filter, detector, piezoelectric, sensor, pressure transducer, actuator, optoelectronic device and so on [2, 3] . Ba 1−x Sr x TiO 3 is a continuous solid solution between two traditional ferroelectrics-barium titanate (BaTiO 3 ) and strontium titanate (SrTiO 3 ). BaTiO 3 (T c = 393 K) is a prototype ferroelectric, which undergoes a sequence of crystal structure transitions as it switches from ferroelectric to paraelectric phase [4] . i.e., it exhibits quantum ferroelectricity, which means that though it undergoes phase transition at very low temperatures (T c = 105 K), the quantum effect prevents complete transition to paraelectric phase. Therefore, SrTiO 3 exhibits ferroelectric behavior well above its Curie temperature or paraelectric effect well below Curie temperature [5] . The Curie temperature of BST decreases linearly with increasing amounts of Sr in the (Ba, Sr)TiO 3 lattice, which enables the ferroelectric/paraelectric transition temperature to be tailored for specific applications by varying Sr content. This kind of flexibility in properties and hence the prospective application range is absent in conventional ferroelectric ceramics. Therefore, depending on Ba:Sr ratio, transition temperature and, hence, electrical and optical properties of the BST show a variation over a broad range [6, 7] . The BST ceramic with Ba:Sr ratio of 0.5:0.5 has high relative dielectric permittivity and phase transitions occur at temperatures well below room temperature. Hence, a good trade-off between dielectric permittivity and loss is obtained in which can be ideal for room temperature tunable microwave applications [8] . BST nanostructures have been synthesized by various techniques such as metalorganic decomposition (MOD) [9] , sputtering [10] , pulsed laser deposition (PLD) [11, 12] , metal-organic chemical vapor deposition (MOCVD) [13] , hydrothermal [14, 15] and sol-gel methods [16] [17] [18] . Among them, sol-gel process offers important advantages over other techniques due to its simplicity, low cost, excellent composition control, high homogeneity at molecular level, high purity, low processing temperature, feasibility of producing complex materials and easy to dope other elements in a homogenous manner [19] . It is well known that properties of dielectric materials (dielectric constant, dielectric loss and leakage current), including BST nanomaterials, are affected by preparation method, chemical composition, microstructure, type and content of dopant. Some dopant elements are able to modify and improve electrical properties of BST [20] . Particularly, to reduce dielectric loss and leakage-current density, the dopants occupying B site in the ABO 3 3+ and Sc 3+ ) are used [21] . As a first report, Bi-doped barium strontium titanate (Ba 0.5 Sr 0.5 TiO 3 ) nanopowders were synthesized by sol-gel method and the influence of Bi-doped on the microstructural and dielectric properties of prepared ceramics were investigated.
Experimental method

Synthesis procedure
The starting materials to synthesize Bi-doped Ba 0. For the preparation of BST sols, the barium and strontium acetates were initially dissolved in acetic acid with molar ratio of 1:1 and stirred at 40 • C for 0.5 h until becoming a transparent and clear solution. Afterward, TTIP was dissolved in absolute ethanol and then acetyl acetone was added to it. In the next step, this solution was added to (Ba, Sr) precursor solution and stirred to form a sol, which contained barium, strontium and titanium. Finally, bismuth nitrate (III) pentahydrate (as dopant precursor with concentration of 2 and 4 mol%) was dissolved in acetic acid and then mixed with BST solution to obtain a stoichiometric and stable Bi-doped BST solution. The 0, 2 and 4 mol% Bi (various amounts of Bi-doped) powders were subsequently abbreviated as BST, BSTB2 and BSTB4, respectively. The prepared sols were dried in a muffle furnace at 100 • C for 5 h to be dehydrated and then were heat-treated up to 650, 750 and 850 • C at rate of 10 • C/min and held for 2 h to obtain the crystalline powders. The calcined powders were isostatically pressed into pellets 10 mm in diameter and average thickness of about 3 mm using a hydraulic press at 100 MPa. The samples were placed into the tube furnace and sintered at temperature of 1300 • C for 2 h at the heating rate of 10 • C/min in an air atmosphere.
Characterization of nanopowders
Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) were performed using a Netzsch STA 409 PC Luxx thermal analyzer under air flow with heating rate of 10 • C/min from room temperature to 1000 • C. FTIR spectra of the sol, as-prepared and calcined samples were recorded on a Bruker TENSOR27 spectrophotometer in range of 400-4000 cm −1 . The dried powders were mixed with KBr powder and compressed to a thin pellet for infrared examination. The phase identification, crystallite size and lattice parameter of the prepared nanopowders were obtained using a Philips X-ray diffractometer (XRD, model X'Pert-MPD) with CuK␣ ( = 1.54056Å) radiation source at 40 kV, 30 mA and scan rate of 10 • /min. The microstructure of Bi-doped BST powders were observed by field emission scanning electron microscopy (FESEM, model CamScan MV2300). The chemical compositions of the samples were studied using energy dispersive spectroscopy (EDS). The particle size and morphology of the doped BST nanopowder was also examined by using a transmission electron microscope (TEM, model Philips CM30) operated at 200 kV. The sample for TEM was prepared by dropping the particle suspensions onto a carbon-coated copper grid. Density of pure and doped BST ceramics was obtained by measuring dimensions and dry weight of the samples and calculating from equation = 4m/d 2 h (where m is the mass, d is the average diameter and h is the height of the sintered samples) [22] . Dielectric measurements were carried out using an LCR meter (model INSTEK LCR-821) at 1, 10, 100 and 1000 kHz frequencies from room temperature to 125 • C. The samples used in the measurement were in the form of silver-electrode discs.
3.
Results and discussion stage, which was related to the initial weight loss ∼6% and observed in TGA curve up to 180 • C was due to the evaporation of water [23] . The subsequent major weight loss of about 27% was found between 250 • C and 400 • C, accompanied by an exothermic peak at 379 • C, due to decomposition of organic and formation of BaCO 3 phase. Formation of BaCO 3 phase as well as decomposition and combustion of the polymer happened concurrently [24] . The exothermic peak at 476 • C was due to burning of organic carbon groups. The exothermic peak at 585 • C with weight loss of about 7% corresponded to the formation of perovskite and the exothermic peak at 642 • C was associated with the formation temperature of BSTB, which was related to bismuth ions into the perovskite lattice [24] and also could be attributed to the decomposition and burning of residual carbon components. The endothermic peak localized at 800 • C could be attributed to polymorphic transformation of BST material [7] . (Fig. 2a) was due to O H stretching vibrations of the hydroxyls present in the system; it decreased in intensity with heating at 100 • C (Fig. 2b) and disappeared after calcination at 850 • C (Fig. 2c ). The extremely low intensity of the bands due to C H stretching vibrations at 2600-3000 cm −1 testified to the very low content of organic radicals in the samples. These bands completely disappear in the calcined samples at 850 • C. The bands in the region of 1400 cm −1 were attributed to the formation of Ba O Ti bond. It can be observed that the absorption bands in the range of 1000-1100 cm −1 can be attributed to the OR groups linked to Ti, such as OC 3 H 7 , OC 4 H 9 and OC 2 H 5 . The two bands at about 500 and 540 cm −1 were of typical Bi O and Ti O vibrations, respectively [7] , which might be due to the formation of metal oxide bonds as suggested in the XRD results. Fig. 3 illustrates XRD patterns of BST, BSTB2 and BSTB4 powders calcined at 850 • C for 2 h. It can be seen that (100), (110), (111), (200), (210), (211), (220), (300) and (310) peaks corresponding to the Ba 0.5 Sr 0.5 TiO 3 cubic perovskite structure were present in all patterns (JCPDS card no. 00-039-1395). The full width at half maximum (FWHM) of the peaks and lattice parameter increased with increasing Bi content. This peak broadening might be connected with decreasing crystallite size by increasing Bi content, implying that Bi 2+ ions were entered into the unit cell of the perovskite structure. All these processes happened due to the difference between ionic radius of Bi +2 (0.074 nm) and Ti +4 (0.068 nm). Additionally, undefined diffraction peaks appeared at XRD patterns, which might be attributed to the formation of BaCO 3 , TiO 2 or Bi 2 O 3 as secondary phases due to the excess Bi content [21, 24, 25] . It is well known that BaCO 3 represents a potential impurity in the BST powders and may negatively affect the properties of the obtained ceramics [26] . Therefore, elimination of carbonates from compound at higher temperatures is necessary.
Crystallite sizes of the BSTB nanopowders calcined at 850 • C for 2 h were evaluated, as summarized in Table 1 . Mean crystallite size of these nanoparticles was estimated using Debye-Scherrer's equation [27] :
where D is average crystallite size (nm), is wave length of CuK␣ (0.154 nm), ˇ is full width at half maximum intensity (FWHM) in radian and is Bragg angle. X-ray diffraction data, depending on the calcination temperature of BSTB2 powder, are shown in Fig. 4 . It is evident that all the powders had crystalline structure containing barium strontium titanate phases. It can be seen that, with increase in temperature, the amount of formed carbonate decreased, which was due to burning the remained carbon compounds. Average crystallite size of the calcined samples at 650, 750 and 850 • C estimated using Debye-Scherrer's equation was 29, 31 and 34 nm, respectively. Full width at half maximum (FWHM) decreased with increasing calcination temperature, which is an indicative of higher crystallinity and larger particle size [16] . It can be seen that crystallite size increases with increasing in temperature. However, high calcination temperatures caused particle growth and surface area decrease and the powder could be less reactive for sintering.
As described in the experimental section, the BST ceramics with different Bi additions were sintered in air at 1200 • C 3 based on the XRD lattice parameter analysis [28] . The excellent electrical properties of BST ceramics are affected by many physical features such as grain size, crystalline structure, purity, density, etc. These physical features can be controlled directly by parameters of preparation processing especially sintering conditions. The sintering process promotes not only the densification but also grain growth, which strongly results in dielectric properties [29] . It is well known that it is difficult to prepare fully dense nanostructured ceramics due to a lot of factors, which can have an effect on producing fine-grained materials with high density. It is also strongly influenced by the powder preparation process and powder agglomeration, as well as sintering regime (sintering temperature, time and atmosphere) [30] . Dopants can also have effect on the densification and microstructure of barium strontium titanate [31] . It appears that the increment of Bi content gives an increase in sintered bulk density to reach a maximum value of 5.35 g/cm 3 for 4 mol% due to more density of Bi (9.78 g/cm 3 ) than Sr (2.63 g/cm 3 ) and Ba (3.51 g/cm 3 ). Related results reported by other investigators [32, 33] show that the Bi 2 O 3 assists in the densification of the BST dielectrics through liquid-phase sintering. Fig. 5a -c shows FESEM micrographs of 0, 2 and 4 mol% Bidoped barium strontium titanate nanopowders, respectively. FESEM images were taken to collect information about particle size, shape and agglomeration degree of the powders. It can be found that the calcined samples were dense and agglomerated by numerous small particles. Also, it can be seen that BSTB2 nanopowders had a structure consisting of agglomerates constituted by small particles of about 40 nm. Average particle size of BSTB4 nanopowders was about 35 nm (Fig. 5c) . Differences of size in the fabricated powders might be attributed to different growth rates. Particle size of 4 mol% Bi-doped BST was smaller than that of 2 mol% Bi-doped BST nanopowders. According to the FESEM observation, it could be suggested that particle size depended on the amount of Bi dopant and was reduced by increasing the bismuth concentration. EDS spectra of BST, BSTB2 and BSTB4 are shown in Fig. 5d-f , respectively. Ba, Sr, Ti, Bi and O elements were detected either in BSTB2 or BSTB4 although Au peaks were removed. Hence, from the above experimental analysis, it was shown that the Bi-doped barium strontium titanate materials were formed.
TEM photograph of BSTB2 nanoparticles calcined at 850 • C for 2 h is illustrated in Fig. 6 . The powder was observed to be in form of agglomerates in the dispersed solution. As seen, the powder exhibited uniform morphology in particle size and shape. To determine the average particle size of the powder, measurements were taken along the diameter of several particles and the average of these measurements was calculated. Based on this method, the average particle size of BSTB2 nanopowder, synthesized by sol-gel method, was about 38 nm, which is in good agreement with that obtained by XRD analysis. Fig. 7 shows the temperature dependence of dielectric properties for undoped and Bi-doped BST ceramics measured at various frequencies. It is found that the maximum of dielectric constant initially increases with the increasing of temperature and then decreases after a special temperature. Also, the dielectric loss of all samples follows the same trend; they are decreasing with temperature and then increases.
The dielectric behavior shows an increase in dielectric constant up to a maximum of 1040 at a temperature of 80 • C for BSTB2 and 910 at 70 • C for BSTB4, approximately. This special temperature called Curie temperature and is related to structural transition (cubic to tetragonal T C -T) in BST samples. From the results, there are three important observations. First of all, the maximum value of dielectric constant and dielectric loss decreased with increasing of Bi content. It is well known that the value of the dielectric constant of dielectric ceramics is strongly affected by microstructure, grain structure, and the grain size [21] . As for the last factor, the larger grain size usually results in larger polarization and therefore gives higher value of dielectric constant. The low values of dielectric constant of Bi-doped BST ceramics are due to the fact that the crystalline size is visibly smaller than that of undoped BST ceramics; this is known as the grain size effect. The second, the temperature T Tr corresponding to the maximum value of the dielectric constant, is shifted to lower temperature with the increase of Bi concentration. Some authors [34, 35] have connected the lowering of T Tr with grain size decrease and this is in agreement with results obtained in our study. The T Tr determined at various frequencies for BST, BSTB2 and BSTB4 are 100, 80 and 70 • C, respectively. The last, for the all Bi-doped BST ceramics, the maximum value of dielectric constant is decreased with increasing of the frequency. This phenomenon reveals that BST ceramics with Bi doping have behaved with a typical relaxer behavior [36] . As the ferroelectric transition of Ba 1−x Sr x TiO 3 system accompanies a cubic-to-tetragonal structure transition, the decrease in T Tr reveals that Bi doping increases the stability of the cubic structure. According to the study of Gao [37] , the oxygen vacancies generate from the BaTiO 3 doped with the 3d elements play important role in determining the phase stability. In BSTB ceramics, the Bi ions substituted at Ti 4+ sites 
Conclusions
Barium strontium titanate (Ba 0.5 Sr 0.5 TiO 3 ) with doped Bi was successfully prepared via sol-gel method at room temperature. The crystal structure was identified to be cubic from the XRD data and Bi existed in the BST lattice. FESEM and TEM images showed that ultrafine particles of BSTB with average particle size of 35-40 nm could be obtained at 850 • C after holding for 2 h. It was shown that particle size depended on the amount of Bi dopant and decreased with increasing the bismuth concentration. The presence of O H, C H, C O, Ti O and Bi O stretching frequencies was confirmed in the dry samples by FTIR spectra, the band of which became sharper and narrower as a result of calcination. The dielectric results showed an increase in dielectric constant up to a maximum of 1040 at a temperature of 80 • C for BSTB2. The maximum value of dielectric constant decreases with increasing of Bi content. The T Tr determined at various frequencies for BST, BSTB2 and BSTB4 are 100, 80 and 70 • C, respectively. This showed that the temperature T Tr corresponding to the maximum value of the dielectric constant, is shifted to lower temperature with the increase of Bi concentration. Also, the maximum value of dielectric loss is decreased with increasing of the frequency.
